Drought stress causes forest dieback that is often explained by two interrelated mechanisms, namely hydraulic failure and carbon starvation. However, it is still unclear which functional and structural alterations, related to these mechanisms, predispose to dieback. Here we apply a multi-proxy approach for the characterization of tree structure (radial growth, wood anatomy) and functioning (δ 13 C, δ 18 O and non-structural carbohydrates (NSCs)) in tree rings before and after drought-induced dieback. We aim to discriminate which is the main mechanism and to assess which variables can act as early-warning proxies of drought-triggered damage. The study was tailored in southern Italy in two forests (i.e., San Paolo (SP) and Oriolo (OR)) where declining and nondeclining trees of a ring-porous tree species (Quercus frainetto Ten.) showing anisohydric behavior coexist. Both stands showed growth decline in response to warm and dry spring conditions, although the onset of dieback was shifted between them (2002 in SP and 2009 in OR). Declining trees displayed a sharp growth drop after this onset with reductions of 49% and 44% at SP and OR sites, respectively. Further, contrary to what we expected, declining trees showed a lower intrinsic water-use efficiency compared with non-declining trees after the dieback onset (with reductions of 9.7% and 5.6% at sites SP and OR, respectively), due to enhanced water loss through transpiration, as indicated by the lower δ 18 O values. This was more noticeable at the most drought-affected SP stand. Sapwood NSCs did not differ between declining and non-declining trees, indicating no carbon starvation in affected trees. Thus, the characterized structural and functional alterations partially support the hydraulic failure mechanism of dieback. Finally, we show that growth data are reliable early-warning proxies of drought-triggered dieback.
Introduction
Drought and heat stress cause forest dieback worldwide (Allen et al. 2010 ). However, a multi-proxy picture considering several structural and functional variables (growth, wood anatomy and water-use efficiency (WUE)) to infer how dieback occurs is still lacking. In the Allen et al. (2010) review, only 11% of the dieback cases involved ring-porous oak species with anisohydric behavior, i.e., showing large declines in leaf midday water potential during drought, which are supposed to better able to survive droughts under the forecasted warmer conditions than taller conifer isohydric species (McDowell and Allen 2015) . When there is no water restriction, anisohydric species maintain higher stomatal conductance (g) and photosynthesis (A) rates than isohydric tree species, tracking changes in vapor pressure deficit (VPD) and showing little dependence on changes in soil moisture (Klein 2014) . However, under intense or prolonged drought, anisohydric species are prone to xylem cavitation, while isohydric species rapidly close stomata (Klein 2014 , Attia et al. 2015 . If warmer conditions enhance atmospheric evaporative demand moving VPD toward a critical threshold, then drought stress could be magnified and trigger dieback, making anisohydric species vulnerable (Williams et al. 2013 ). In the case of ringporous Mediterranean oak species, extreme droughts may surpass the limit of hydraulic safety at which they often function (Tognetti et al. 1998) .
Drought-induced dieback is explained by two non-mutually exclusive mechanisms: (i) hydraulic failure due to a drastic loss of xylem conductivity and (ii) carbon starvation when carbon demands are not met (McDowell et al. 2008 McDowell 2011) . The multiple links between these mechanisms are mediated by structural and functional changes affecting growth, wood anatomy and WUE. Regarding structural changes, wood anatomy is related to the occurrence of hydraulic failure and shoot dieback since wide xylem vessels are more prone to cavitation and loss of hydraulic conductivity than narrow vessels (Nardini et al. 2013 ). Cavitation resistance is linked to a reduction in lumen area or the mechanical reinforcement of fibers that prevent xylem embolism and drought damage (Hacke et al. 2001) . In oaks, a reduction in lumen size of earlywood (EW) vessels and a sharp decrease in latewood (LW) production have been described as woodanatomical responses to tolerate drought (Corcuera et al. 2004b , Eilmann et al. 2009 ). However, anisohydric oak species also show extensive xylem embolism if water shortage is prolonged (Hoffmann et al. 2011) .
Altered structural conditions also include a decline in radial growth and abrupt shifts in climate-growth associations (Pellizzari et al. 2016) . For instance, in several oak species, a growth decline and the weakening of climate-growth relationships started in response to severe droughts 20-50 years prior to dieback onset (Dwyer et al. 1995 , Drobyshev et al. 2007 , Wyckoff and Bowers 2010 , Haavik et al. 2011 , Gea-Izquierdo et al. 2014 , Stojanović et al. 2015 . Therefore, the relationships between dieback, growth and wood anatomy may also depend on functional traits affecting water use, and carbon uptake and storage (McDowell et al. 2008) .
Water scarcity constrains growth and is responsible for loss in xylem conductivity affecting A and g, thus reducing carbon uptake (Hsiao 1973 , Bréda et al. 2006 . Mild droughts impair the transport of assimilates through the phloem and trigger the conversion of stored carbon (e.g., starch) into osmolytes (e.g., soluble sugars (SS)) to maintain turgor pressure (Sala et al. 2010 , Pantin et al. 2013 . Contrastingly, severe droughts can impair photosynthesis and lead to carbon starvation and dieback (Sevanto et al. 2014) . Shifts in intrinsic water-use efficiency (WUE i ), i.e., the A/g ratio, may be inferred through the combined analysis of carbon (δ 13 C) and oxygen (δ 18 O) isotope compositions in leaves or tree-ring cellulose, the so-called dual-isotope approach (Scheidegger et al. 2000 , Barbour et al. 2002 , Ripullone et al. 2009 , but see Roden and Farquhar 2012) . Changes in gas exchange are recorded in tree rings through carbon isotope composition (δ 13 C), which gives insight into how trees respond to drought (Farquhar et al. 1989 , Saurer et al. 2004 , Battipaglia et al. 2010 . On the other hand, δ 18 O is correlated with soil water sources and g, making it a proxy for leaf transpiration and evaporative demand (Saurer et al. 1997 ).
Here we argue for a multi-proxy characterization of tree structure (i.e., the analysis of stem radial growth and wood-anatomical functional traits) and functioning (i.e., the determination of δ 13 C, δ 18 O, WUE i , non-structural carbohydrates (NSCs)) to determine how water and carbon limitations drive drought-induced dieback (Voltas et al. 2013 , Billings et al. 2016 . We explore the likely occurrence of structural and functional alterations in a ring-porous tree species (Quercus frainetto Ten.) (Chatziphilippidis and Spyroglou 2004 ) that presents ongoing dieback in southern Italy. This species shows mid to high growth rates and it is very sensitive to dry conditions in late spring and summer, and recovery rates after drought are rapid (Sanders et al. 2014) . Since the 1980s, drought-induced dieback episodes have been detected in southern Italian oak forests showing a worrisome trend of increasing damage, as in other areas of the Mediterranean Basin (Ragazzi et al. 1989 , Salvatore et al. 2002 . We compare declining and non-declining Italian oak trees coexisting at two sites to improve our understanding of dieback.
We hypothesize that declining trees should show higher growth rates, wider lumen areas and stronger climate-growth associations prior to the dieback onset since these features make them more susceptible to drought-induced damage (Levanič et al. 2011) . After the dieback onset, we expect that declining trees would show lower growth rates, smaller lumen areas (i.e., less theoretical hydraulic conductivity) and higher WUE i than nondeclining trees (Linares and Camarero 2012) . Finally, δ 18 O should increase in declining trees as compared with nondeclining trees, indicating an enhanced stomatal control of water loss linked to canopy dieback (Scheidegger et al. 2000) .
Materials and methods

Study sites
We selected two oak (Q. Figure S2 available as Supplementary Data at Tree Physiology Online). The warmest and coldest months are July (average maximum temperature of 33.5°C) and January (average minimum temperature of 4.0°C), respectively, whereas the driest and wettest months are July (22 mm) and December (99 mm). Drought occurs from June to September. Due to the shortness and heterogeneity of some local climate data, we used gridded (0.25°resolution) climate data from the E-OBS data set ver. 13.0 (Haylock et al. 2008 ) to quantify climate trends and climate-growth associations. Climate was extracted from the 0.25°g rid with coordinates 40.00-40. 25°N, 16.25-16.50°E . To evaluate drought-growth associations stress since 1950, we downloaded the Standardized Precipitation Evapotranspiration Index (SPEI) for the 0.5°grid where the study sites are located using the Global SPEI database webpage (http://sac.csic.es/spei/ database.html). The SPEI is a multiscalar drought index, which considers the effects of temperature and evapotranspiration on drought severity and indicates wet (positive SPEI values) and dry (negative SPEI values) conditions (Vicente-Serrano et al. 2010 ).
Field sampling
First, seven circular plots (radius of 15 m) were randomly located in each of the SP and OR sites to describe the stand structure (density, basal area). Within each plot, dieback of all mature oak trees was characterized by a visual assessment of crown transparency made by two independent observations of the same tree (Dobbertin 2005 . Declining oaks (hereafter D trees) were considered those with crown transparency higher than 50%, whereas non-declining oaks (hereafter ND trees) were considered those with transparency lower than 50%. Using other crown-transparency thresholds (40% and 60%), the main results presented here did not change.
Tree-ring analyses
A total of 17 and 16 pairs of dominant and neighboring oak trees with contrasting vigor (ND-D couples) were selected at SP and OR sites in summer 2014 to estimate their growth trends using dendrochronology. Within each ND-D couple, trees were 10-15 m apart at maximum. Four wood cores from each tree were sampled at breast height (1.30 m) using a 5-mm Pressler increment borer. Two cores were used for tree-ring analyses and wood anatomy, another core was used for isotope analyses and the last core for NSCs analysis in the sapwood. A total of 34 and 32 trees were used for tree-ring width measurements at SP and OR study sites, respectively (Table 1) . Quantitative wood anatomy was performed on a subsample of 10 cores from each considered site, i.e., five trees for each of the two vigor classes.
Wood samples were air-dried and the surface of the cores was cut using a sledge core microtome (Gärtner and Nievergelt 2010) . Tree rings were visually cross-dated and measured with precision of 0.01 mm using a binocular microscope coupled to a computer with the LINTAB package (Rinntech, Heidelberg, Germany). The COFECHA program (Holmes 1983 ) was used to evaluate the visual cross-dating of tree-ring series. To quantify growth trends, we transformed the tree-ring widths into annual basal area increment (BAI) using the following formula: where R is the radius of the tree and t is the year of tree-ring formation.
To quantify climate-growth relationships, first we removed the long-term trends of tree-ring width series by detrending them through Friedman's super smoother, which preserves highfrequency (yearly) variability in the resulting ring-width indices. In addition, an autoregressive model was applied to each detrended series to remove most of the first-order autocorrelation related to the previous year of growth. We obtained series at the tree level of dimensionless ring-width indices. Finally, a biweight robust mean was used to obtain mean chronologies of ND and D trees at each site. Chronology development and standardization were carried out using the ARSTAN program (Cook and Krusic 2005) . Climate-growth associations were calculated for the 1950-80 period, i.e., prior to the dieback onset, considering monthly and seasonal climatic variables (mean maximum and minimum temperatures, precipitation). The window of analyses included from the previous October to current September based on previous studies (Tessier et al. 1994) . Drought-growth associations were calculated for the same period using 1-to 20-month-long SPEI values obtained from January to December.
Wood anatomy
Wood anatomy was analyzed for the 1980-2013 period. The five trees of each vigor class used in these and further (isotopes, carbohydrates) analyses were selected based on the highest correlations of their ring-width series with the mean chronology of each tree class developed for each study site. Semi-thin transversal sections (20 μm) were obtained from one core per tree by dividing it into pieces of~2 cm length. Sections were cut using a sliding microtome (Microm HM 400, Thermo Sci., Walldorf, Germany) and stained with safranin (1%) and astrablue (2%), dehydrated with ethanol (70%, 95% and 100%) and xylol, and mounted on microscope slides using Eukitt ® (Sigma-Aldrich, St Louis, MO, USA). Images were captured at ×20 and ×40 magnification using a transmitted light microscope (Zeiss Axiophot, Carl Zeiss Microscopy, Jena, Germany). Earlywood and LW vessels were analyzed in tangential windows of 2 and 0.3 mm, respectively. Earlywood vessels were considered those with lumen diameters larger than 50 μm. Vessel lumen diameter (along the radial direction) and area were measured using the ImageJ software (Schneider et al. 2012) . We quantified the following wood-anatomical traits following Scholz et al. (2013) : ring area, EW and LW areas, absolute and relative (%) areas occupied by vessels in the EW and LW, EW and LW vessel lumen area (mean, minimum and maximum values), and EW and LW vessel density. We also calculated two additional variables (Dh, hydraulic diameter; Kh, potential hydraulic conductivity) by weighting individual vessel lumen diameters to correspond to the average Hagen-Poiseuille lumen theoretical hydraulic conductivity for a vessel size (Tyree and Zimmermann 2002 Carlquist (1977) by calculating the ratio between the mean vessel lumen diameter and vessel density. The VI is a proxy for the tree resistance to drought-or frost-induced cavitation with low (VI < 1) and high (VI > 3) values indicating xeromorphy and mesomorphy, respectively.
Non-structural carbohydrate concentrations in sapwood
The sapwood fraction of each core from the five trees selected in wood anatomy and isotope analyses was visually determined in the field and separated using a razor blade to determine the concentrations of NSCs. All sapwood samples were collected at the end of the growing season in 2015, transported to the laboratory in a portable cooler, and they were frozen and stored at −20°C until freeze-dried. Then, they were weighed and milled to a fine powder in a ball mill (Retsch Mixer MM301, Leeds, UK). Soluble sugars were extracted with 80% (v/v) ethanol and their concentration determined colorimetrically using the phenol-sulfuric method (Buysse and Merckx 1993) . Starch and complex sugars remaining after ethanol extraction were enzymatically digested with an enzyme mixture containing amyloglucosidase to reduce glucose as described in Palacio et al. (2007) . Non-structural carbohydrates measured after ethanol extractions are referred to as SS, and carbohydrates measured after enzymatic digestion are referred to as starch. The NSC concentrations (% dry matter) were calculated as the sum of SS and starch concentrations.
Stable isotope analyses
The carbon and oxygen isotopes analysis was performed on the same trees used for wood-anatomical analyses (five ND trees plus five D trees per study site). We used rings spanning the period 1981-2013 to avoid a possible juvenile effect and focused on this most recent period where ND and D performance is expected to differ. Groups of three contiguous rings (e.g., 1981-83, … , 2011-13; n = 11 samples per tree) from the best five cross-dating trees per site were split using a scalpel and pooled together for each tree. These groups of rings were milled to a fine powder with a mixer mill (Retsch MM301, Haan, Germany). We then proceeded to extract α-cellulose on 10 mg of wood per group of three rings to remove extractives and lignin with a double-step digestion (Boettger et al. 2007 , Battipaglia et al. 2008 ).
The carbon and oxygen stable isotope compositions were measured at the CIRCE Laboratory (Center for Isotopic Research on the Cultural and Environmental Heritage, Caserta, Italy) by continuous-flow isotope ratio mass spectrometry (Delta V plus Thermo electron corporation, Bremen Germany). We processed 1 mg of wood obtaining a cellulose yield of 50-60% using 0.06 mg for carbon isotope and 0.1-0.3 mg for oxygen isotope analysis.
Carbon isotope discrimination was used to account for the Suess effect (decrease in δ 13 C of atmospheric CO 2 since the beginning of industrialization) resulting from the emission of fossil CO 2 , which is depleted in 13 C (McCarroll and Loader 2004) .
Stable isotope ratios were expressed as per mil deviations using the δ notation relative to Vienna Pee Dee Belemnite and Vienna Standard Mean Ocean Water standards in the case of carbon and oxygen isotopes, respectively. The accuracy of the analyses (SD of working standards) was 0.06-0.20‰.
Calculation of WUE i from carbon isotope ratios
We used the carbon isotopic ratio of tree-ring cellulose (δ 13 C tree ) to calculate WUE i , i.e., the ratio between the photosynthetic rate (A) and its stomatal conductance (g). First, we calculated δ 13 C tree by using the following formula:
where a is the fractionation factor due to CO 2 diffusion through stomata (4.4‰), b is the fractionation factor due to Rubisco enzyme during photosynthesis (27‰), and c a and c i represent the atmospheric (measured at the Mauna Loa station by NOAA) (http://www.esrl.noaa.gov) and the intercellular CO 2 concentrations, respectively (Farquhar et al. 1989) . We used δ 13 C atm esti- C tree values were obtained from treering cellulose samples. Then, we derived c i as follows:
where the carbon isotope discrimination (Δ 13 C) represents the difference between the carbon isotopic ratio of atmospheric CO 2 (δ 13 C air ) and tree-ring cellulose (δ 13 C tree ) calculated as follows:
13 13 air 13 tree 13 tree Finally, the WUE i can be calculated as follows:
a i i where 1.6 is the ratio of diffusivities of water and CO 2 in the atmosphere.
Statistical analyses
Trends in climatic variables were assessed using the Kendall τ statistic. To compare mean values of the analyzed variables (BAI, wood anatomy, NSCs, isotopes) between the two vigor classes at each site we used the Mann-Whitney U test. The relationships between growth, wood-anatomical traits and isotope data were evaluated using Pearson correlations. We used the Wilcoxon rank-sum test to check if the changes through time of BAI, woodanatomical variables or isotope ratios differed between ND and D trees (Hentschel et al. 2014) . We chose this non-parametric test because it is robust against deviations from standard distributions and the presence of temporal autocorrelation (Gibbons and Chakraborti 2011) .
Results
Climate trends and droughts
We found a significant warming trend of minimum and maximum summer and spring temperatures at the study area since 1950 (see Figure S3 and Table S1 available as Supplementary Data at Tree Physiology Online). Dry conditions during the spring growing season occurred in several years (1957, 1975, 1977, 1992, 1995, 1999, 2001-02 and 2011-12 ; see Figure S3 available as Supplementary Data at Tree Physiology Online). The 10-month-long May SPEI, which captures drought severity during the growing season, detected severe droughts in 1957 , 1995 , 2000 
Size, growth and climate-growth associations
The D trees presented thinner and shorter stems than ND trees at the most affected SP site (Table 1) . At this site, ND tree-ring growth was higher in some past period (1930s) than D trees, but the reverse pattern was observed at the OR site during the wet 1960s and 1970s decades (Figure 1) .
The D trees displayed a sharp growth drop after the onset decline comparing with ND trees, with reductions of 49% and 44% at sites SP and OR, respectively. Further, we found that D trees showed significantly lower BAI values than ND trees after 2002 and 2009 at the SP and OR study sites, respectively (Figure 1) . Considering only the 1980-2013 period, when growth, wood anatomy and isotope data were available, BAI showed significantly (P < 0.05) higher values in ND than D trees at both study sites (SP, 3.1 ± 0.2 cm 2 vs 2.2 ± 0.1 cm 
Wood anatomy
The D trees formed narrower EW vessels than ND from 2005 onwards and in 2012-13 at the SP and OR sites, respectively, while D trees at the SP site showed a higher LW area occupied by vessels in 2012-13 (Figure 2) . In both sites, LW vessels tended to be larger in D than in ND trees, although these differences were not significant (Figure 2 ).
In agreement with the narrower EW vessel lumen area of D trees at the SP site, the Dh and the Kh were lower in D trees compared with ND trees but differences were significant only at the SP site (Table 2) .
Non-structural carbohydrate concentrations in sapwood
We did not find any significant differences in SS, starch, NSC sapwood concentrations between ND and D trees either at the SP or at the OR site (Table 3) . Interestingly, the NSC sapwood concentrations at the most drought affected SP site were significantly lower than at the least affected OR site (U = 46, P = 0.0005) due to differences between sites regarding SS (U = 39, P = 0.0002) but not starch concentrations (U = 135, P = 0.5194).
Carbon and oxygen isotopes in tree rings
Considering the 1980-2013 period, the isotope variables (δ 13 C, δ 18 O, WUE i ) showed no significant differences between ND and D trees (Figures 3 and 4) , while during the 2008-13 period when dieback intensified (i.e., when the difference in growth between ND and D trees was the highest), ND trees showed higher δ 13 C values than D trees at the SP site (Figure 3 ). At the OR site, this occurred in the last analyzed period . Similarly, the ND trees from the SP site showed higher WUE i values than D trees during the 2008-13 period, whereas at the OR site WUE i differenced only during the last period, 2011-13. After the dieback onset, reductions of WUE i in D compared with ND trees were 9.7% and 5.6% at sites SP and OR, respectively. Warm spring and early summer conditions were related to high WUE i values and dry conditions were associated with low δ 18 O values (Table S2 available Tree Physiology Online at http://www.treephys.oxfordjournals.org
Associations between growth, wood anatomy and isotopes
We found a positive association between Dh and WUE i in the case of ND trees at the site level ( Figure 5 ). BAI and WUE i were also significantly related in ND trees ( Figure S7 available as Supplementary Data at Tree Physiology Online). Finally, we found that the mean LW vessel diameter and the δ 18 O of ring cellulose were positively related at the OR site, but this association was negative in the case of ND trees from the SP site ( Figure 6 ).
Discussion
The very warm and dry spring-summer conditions of the 1990s and 2000s triggered dieback of Italian oaks characterized by leaf shedding, shoot dieback and growth decline, which was particularly evident at the most affected site SP (Figure 1 , and Figure S1 available as Supplementary Data at Tree Physiology Online). These climatic conditions have been shown to cause a reduction of growth in other deciduous oak species growing at Mediterranean drought-prone sites (Tessier et al. 1994) . In the present study, declining and non-declining trees did not show differences in growth rate and vessel lumen area prior to the 2000s dieback episodes (Figures 1 and 2 ). Only during wet decades such as the 1970s, declining trees tended to show higher BAI values, but this occurred only at the OR site, which was less affected by drought. This is in contrast to other studies where physiological differences were found between declining and non-declining trees prior to dieback in oaks (Levanič et al. 2011 ) and conifers (Voltas et al. 2013) . Therefore, our findings do not support a predisposition of the most affected trees in terms of wood anatomy, i.e., declining trees would produce wider conduits but more susceptible to drought-induced cavitation. The smaller size (d.b.h., height) of declining trees from the SP site does not indicate that the most susceptible trees to drought stress should support more leaf biomass, which could involve higher respiration costs (Levanič et al. 2011) . Oaks display multiple structural strategies of drought resistance including adjustments of the ratio of leaf area to sapwood area or changes in the root system and xylem anatomy (Bréda et al. 2006 . Other drought-avoidance strategies include partial or premature leaf shedding (this study and Peguero-Pina et al. 2015) or water storage in sapwood (Meinzer et al. 2003) . More insight on oak dieback could be gained by quantifying Table 2 . Wood-anatomical variables obtained for non-declining (ND) and declining (D) Italian oak trees in the two study sites (SP and OR). The data correspond to the 1980-2013 period and are presented as mean ± SE. Abbreviations: Dh, hydraulic diameter; Kh, potential hydraulic conductivity; VI, vulnerability index (ratio between mean vessel diameter and vessel density). Different letters indicate significant differences (for P < 0.05) between ND and D trees within each site (Mann-Whitney U tests).
Site Tree type No. of measured vessels Dh (μm)
Vessel density (no. mm 1.4 ± 0.4a Table 3 . Concentrations of NSCs in the sapwood of non-declining (ND) and declining (D) Italian oak trees sampled at the SP and OR study sites. Values are means ± SE. Different letters indicated significant differences (P < 0.05; Mann-Whitney U tests) between tree types within each site.
Site
Tree type SS (%) Starch (%) NSC (%) SP ND 1.45 ± 0.15a 2.03 ± 0.19a 3.48 ± 0.23a D 1.41 ± 0.15a 1.73 ± 0.16a 3.14 ± 0.15a OR ND 2.09 ± 0.31a 2.24 ± 0.21a 4.33 ± 0.45a D 2.95 ± 0.41a 1.94 ± 0.29a 4.89 ± 0.39a
Tree Physiology Volume 37, 2017 biomass allocation as related to microsite conditions (slope, soil depth and texture) of declining trees, since oak mortality may be also associated with impaired root systems (Thomas and Hartmann 1996) . This approach could also consider genetic information (e.g., Lloret and García 2016) since we still lack data to explain why in neighboring trees subjected to similar climate conditions, some are more vulnerable to drought stress than others. As expected, the sharp drop in growth rates of declining trees started in the late 2000s (Figure 1 ). This recent decline in growth was accompanied by changes in some wood-anatomical traits such as the reduction of EW vessel lumen area (Figure 2) . Concurrently, the decrease of δ 13 C and δ 18 O in declining trees also happened during that period when dieback intensified . These drops in growth and alterations in wood anatomy were most patent in the more affected SP site (Figures 1-3) . It is also possible that the growth increase observed for non-declining trees at the OR site is the consequence of reduced competition for water and nutrients with the coexisting declining and dying trees. The decrease in δ 13 C and δ 18 O in declining trees as compared with non-declining trees (Figure 4 ) would correspond to increased stomatal conductance (g) according to Scheidegger et al. (2000) , and agrees with the recent reduction of WUE i in the declining trees, which was again more notable in the SP site (Figure 3 ). This is strictly linked with canopy dieback and with a less tight stomatal control of transpiration, perhaps as a mechanism to compensate drought stress, whereas carbon uptake through photosynthesis (A) remains stable.
Considering wood anatomy, we detected minor differences between vigor classes, suggesting a low plasticity of xylem traits as compared with leaf physiological features in response to drought. Perhaps, different functional thresholds exist regarding the detection of xylem (wood anatomy) and leaf (photosynthesis) responses to drought stress. Our findings agree with observations from a 6-year-long partial throughfall, where the evergreen diffuse-porous Quercus ilex responded to the induced drought by reducing leaf transpiring area and Figure 3 . Trends in carbon (δ 13 C) and oxygen (δ 18 O) isotope ratios of tree-ring wood and WUE i of non-declining (empty symbols) and declining (filled symbols) Italian oak trees sampled in the two study sites (SP and OR). The gray filled areas indicate periods when the variables significantly (P < 0.05) differ between D and ND trees according to Wilcoxon tests. Values correspond to means ± SE for 3-year ring segments (n = 11 samples per tree, n = 5 trees per site).
Tree Physiology Online at http://www.treephys.oxfordjournals.org increasing leaf-specific conductivity, whereas vessel diameter and density remained largely unaffected albeit vessel lumen fraction (i.e., ratio between mean vessel lumen area and number per unit area) increased (Limousin et al. 2010) . Contrastingly, drought reduced the lumen area of EW vessels in the ringporous Quercus pubescens, thus lowering the hydraulic conductivity and reducing the risk of cavitation (Eilmann et al. 2009 ). This was consistent with our data from the declining trees at the SP site, where the production of smaller EW vessels by declining trees would explain their smaller hydraulic diameter and potential hydraulic conductivity (Figure 2 ). Others reported declines in vessel diameter as water availability decreases (Villar-Salvador et al. 1997) or in response to an extreme drought (Corcuera et al. 2004a) , which can be consequent to reduced turgordriven cell enlargement during xylogenesis. Overall, water shortage during spring and summer causes a severe reduction of LW production in ring-porous oaks species (Alla and Camarero 2012) , which might increase their susceptibility to further water deficit if some EW vessels lose functionality due to cold-(Cavender-Bares and Holbrook 2001) and drought-induced cavitation in late winter and spring (Corcuera et al. 2004b (Corcuera et al. , 2006 . This could explain the trend toward forming wider LW vessels (Figure 2 ) and the consequent significant decrease of the vulnerability index in declining trees at the SP site ( Table 2) . The tendency to form LW vessels with lower minimum diameters in ND than D trees would guarantee continuous, although slow, water flow in the former under conditions promoting embolism.
We found no support to the carbon limitation hypothesis because sapwood NSC levels did not differ between declining and non-declining trees, but NSC and SS decreased in the most affected SP site (Table 3 ). According to Hoch (2015) , hydraulic failure and growth cessation precede carbon starvation in most studies on drought-induced dieback. For instance, a seasonal study of NSC dynamics in Quercus petraea found that stem growth ceased when soil water content was depleted but the accumulation of NSCs was not affected and continued (Barbaroux and Bréda 2002) . Sapwood NSCs can be too coarse a variable to test carbon starvation, which may be restricted to organs such as roots located away from leaves, thus suggesting hydraulic constraints on the transport of photoassimilates (Sala et al. 2010) . The finding that NSC levels decreased in the most affected SP site as compared with the less affected OR site suggests that drought (e.g., the reduced spring precipitation observed in the early 2000s with 35-62% of the 1950-2015 mean record corresponding to −1.7 to −2.0 SPEI values) can constrain carbon storage to some level, but this threshold seems not to be as lethal as has been observed in another Mediterranean oak species (Quercus faginea) that experienced drought-induced dieback . Our results do not exclude the involvement of carbon starvation in the studied drought-induced dieback episode since trees were exposed to prolonged water shortage, which could constrain carbon uptake due to stomatal limitation (Ogasa et al. 2013) . However, hydraulic failure seems to be the most plausible cause of dieback as it has been observed under experimental conditions, where trees experienced extensive cavitation during advanced drought (Barigah et al. 2013 , Hartmann et al. 2013 .
Regarding isotope data, our results partially agree with those presented by Hentschel et al. (2014) , who reported lower δ 13 C values in declining Picea abies trees and interpreted them as an increase of stomatal conductance rates, while non-declining trees had low stomatal conductance, allowing them to prevent water loss during dry periods. The higher δ
13
C of non-declining trees from the SP site (Figure 3) indicates an overall more conservative water use (Scheidegger et al. 2000) in comparison with declining individuals, suggesting the capacity of those individuals to effectively close stomata to prevent excessive water loss. In contrast, the dual-isotope approach allowed inferring a sustained increase of stomatal conductance in declining trees, probably leading to a positive feedback characterized by a drought-and heat-enhanced water loss through transpiration that is not compensated by reduced growth rates, smaller EW lumen areas and steady WUE i (Ponton et al. 2001 ). This cascade of altered functioning would explain the uncoupling between growth and WUE i in declining trees ( Figure S7 available as Supplementary Data at Tree Physiology Online) and the lack of association observed at the most affected SP site between LW vessel lumen diameter, a proxy for summer hydraulic conductivity, and δ 18 O, a proxy for evaporative demand ( Figure 6 ). It may be also the case that the drought-induced sharp reduction of growth uncouples the tree-ring and leaf isotope signatures (Pflug et al. 2015) , thus making the dual-isotope approach unreliable (Roden and Siegwolf 2012) . Finally, the study forests have not been recently managed, but their previous management during early stand development may have shaped their current stand structure (e.g., stand density, hydraulic architecture and height of trees), which could influence the recent tree responses to droughts. Stand density reductions could improve the water balance of these forests (McDowell et al. 2006 ), but currently they are not dense forests. More importantly, the fact that anysohydric species with ring-porous wood such as the Italian oak succumb to warm and severe dry conditions questions the validity of thinning once VPD has reached such minimum values that stomatal conductance reaches very low values and xylem cavitation becomes widespread.
Conclusions
Although a further advance in the knowledge has been achieved from the plethora of recent studies on drought-induced dieback, this process remains a poorly understood phenomenon. The main reason is that the comprehension of causes and mechanisms Figure 5 . Diverse relationships observed between the hydraulic diameter and the WUE i for non-declining (empty symbols) and declining (filled symbols) Italian oak trees at the two study sites (SP and OR). The continuous lines highlight the significant (P < 0.05) associations for non-declining trees (correlation statistics are shown for each tree type).
Tree Physiology Online at http://www.treephys.oxfordjournals.org involved necessarily requires a multi-proxy approach, which is often lacking from studies. Our approach, by investigating on either physiological or structural aspects, partially supports hydraulic failure as the potential cause of oak dieback. We observed that declining tress presented a reduced WUE i after the onset of dieback, especially in the most drought-affected site, which is coherent with an enhanced water loss. These joint evidences, with the parallel absence of any significant differences in sapwood NSC concentrations, partially support the hydraulic failure mechanism of dieback. In future scenarios of increased severity and duration of droughts, as foreseen under warmer conditions, dieback phenomena may affect drought-tolerant anysohydric species, as they keep a narrow margin of hydraulic safety.
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